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Enantioselective synthesis, also called asymmetric synthesis, is a chemical reaction in which one 
or more new elements of chirality are formed in a substrate molecule and which produces the 
stereoisomeric products in unequal amount.1 It is a key process in modern chemistry and is of 
increasing important in the field of pharmaceuticals, as the different enantiomers or 
diastereomers of a molecule often have different biological activity. A classical example for the 
importance of enantioselectivity in pharmaceuticals would be thalidomide, where the right 
enantiomer could cure cure "anxiety, insomnia, gastritis, and tension",2 while the other one could 
cause birth defect.3 Therefore, many efforts have been made to improve the selectivity of 
enantioenriched products. This synthetic method aims to set the platform for the synthesis of 
biological active enantioenriched complex rings such as shown in Scheme 2.  
 
Scheme 1. Polycyclic natural products that could be accessed from this methodology.  
 
As highlighted in the structure, some of the difficulties include setting up the all-carbon 
quaternary center, synthesizing the saturated bicyclic carbon framework, and giving access to 
various chiral centers. To achieve the goal, one important functional group used is boronic esters, 
incorporated using bis(pinacolato)diboron (scheme 2). 
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Scheme 2. Structure of bis(pinacolato)diboron. 
 
Boronic esters can be converted into a wide variety of functional groups (Scheme 3). For example, 
boronic esters can be homologated to insert an additional carbon between the carbon and boronic 
ester.5 In addition, boronic esters can be oxidized to alcohols or amines.6 Suzuki cross-coupling of 
boronic esters can be used to stereospecifically incorporate aryl groups.7 Other transformations 
include coupling with alkynes, olefins, and carbonylations. Due to its versatility, boronic esters 
have been constantly used as intermediates for asymmetric synthesis.  
 
Scheme 3. Transformation of boronic esters. 
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Historically, borylative cyclization was of interest to synthetic groups (Scheme 4). In 2013, Lin’s 
group from Shanghai Institute of Organic Chemistry successfully achieved Cu-catalyzed 
asymmetric borylative cyclization of cyclohexadienone-containing 1,6-enynes.8 The reaction 
proceeded with regioselectivity and enantioselectivity to afford an optically pure cis-
hydrobenzofuran framework bearing alkenylboronate and enone substructures. However, this 
framework was not saturated and did not create all-carbon quaternary center. In 2017, our group 
also tried the borylative cyclization of ketone with activated olefin.9 Yet that work started with a 
prefunctionalized vinyl boronic ester that was not naturally occurring and can be challenging to 
make.  
 
 
Scheme 4. Previous work regarding borylative cyclization. 
 
In the new method, the starting material is a terminal alkyne group that does not have to be 
prefunctionalized (Scheme 5). Up to four contiguous stereocenters and one all-carbon quaternary 
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center with high enantiomeric excess would be created in a desymmetrization that incorporates 
two boronic ester groups that could be later transformed.  
 
Scheme 5: General reaction with the optimized condition. 
 
The reaction is believed to go through the mechanism in Scheme 6. CuCl undergoes ligand 
exchange to CuOtBu which performs transmetallation with B2Pin2. Migratory insertion of Cu-
B(pin) across the alkyne would generate an alkenyl copper. The relatively large boronic ester group 
prefers to react at the less sterically hindered terminal site, giving the observed regioselectivity. 
Protonation with tBuOH would afford the vinyl boronic ester intermediate, which would undergo 
migratory insertion with another Cu-B(pin) in the enantiodetermining step to generate the α-boryl 
alkyl copper. Vinyl boronic ester is polarized similar to a Michael acceptor due to conjugation 
with the empty p-orbital of boron. It reacts at the partial positively charged site to set up the 
regioselectivity in this step. Then 1,2-addition into a ketone would close the ring, and σ-bond 
metathesis of the copper-bound product with tBuOH would release the free alcohol product, 
regenerating the Cu-OtBu complex. 
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Scheme 6: Proposed mechanism. 
 
Reaction optimization was carried out largely through ligand screening in the following 
desymmetrization reaction (scheme 7). Initial screening with a commonly used bidentate 
phosphine ligand, BINAP (L1), provided product in good yield, moderate diastereoselectivity, and 
excellent enantioselectivity. Other bidentate phosphine ligands, such as Segphos (L2), Duphos 
(L3), Quinoxp (L4), resulted in reduced yields or diastereoselectivity, although they maintained 
high levels of enantioselectivity. Monodentate phosphine ligand, Monophos (L5) completely shut 
down the reaction, indicating a necessity of bidentate ligand in this catalytic reaction. Finally, 2-
furyl-biphep (L6) gave similar NMR yield as BINAP, but improved diastereoselectivity to 12:1 
while maintaining > 99% e.e.  
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Scheme 7. Reaction optimization of classes of ligands, showing 2-furyl-biphep as the optimal 
ligand. 
 
Other reagents including copper catalysts, base, alcohol, solvent, and temperature were also 
screened to provide the optimal condition, which will not be discussed in detail. The next 
emphasis of the project involved the expansion of substrate scope. The planned scope included 
6-membered ring, 5-membered ring, and acyclic substrates (Scheme 8). These substrates could 
be divided into two major categories based on their structure, namely cyclic and acyclic 
substrates, which mostly are non-chrial to avoid catalyst mismatch. A variety of functional 
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groups were included to demonstrate the wide tolerance of this methodology, including alkyl, 
allyl, aromatic, alkene, and ester groups.  
 
Scheme 8. Planned substrate scope. 
 
The 6-membered ring substrates will be used to serve as an example for the approach to 
synthesize all other similar substrates. The first substrate was 2-methyl-2-propargyl-1,3-
cyclohexanedione from commercially available 2-methyl-1,3-cyclohexadione (Scheme 9). This 
reaction worked using bench available alkoxide base with propargyl bromide in DMSO.  
 
 
Scheme 9. Synthesis of 2-methyl-2-propargyl-1,3-cyclohexanedione.  
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However, other substituents, such as ethyl or allyl, of 1,3-cyclohexadione were not commercially 
available and had to be synthesized.  
 
Scheme 10. Two proposed routes for the synthesis of 6-memebered substrates with R 
representing various functional groups.  
 
Two routes were proposed (Scheme 11): alkylation before propargylation or vise versa. The 
second route was tried first because propargylation had been shown to work previously and it 
could be scaled up for many substrates as a divergent synthesis. It was found that propargylation 
could proceed via KOH in water, but the propargylated intermediate was not bench stable. It 
could decompose at room temperature with the presence of water via enol formation.  
 
 
Scheme 11. Propargylation of 1,3-cyclohexadione and decomposition reaction. 
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Another problem was the difficulty to alkylate this propargylated intermediate. As shown in 
Scheme 12, alkylation did not work with many strong bases and reactive electrophiles.   
 
Scheme 11. Screening of alkylation of propargylated 1,3-cyclohexadione.  
  
As a result, the other route was tried to alkylation 1,3-cyclohexadione first followed by 
propargylation. Using Hantzsch ester could facilitate in alkylation as shown for ethylation 
(Scheme 12). 
 
Scheme 12. Ethylation of 1,3-cyclohexadione using Hantzsch ester.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
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Later through screening of base and solvent, KOH with water was found to be the optimal 
condition for the propargylation of the ethylated intermediate (Scheme 13). 
 
Scheme 13. Base and solvent screening of propargylation of ethylated intermediate. 
 
Both carbon propargylated and oxygen propargylated products were found in NMR (Scheme 
14). The signature peak was the proton from terminal alkyne. It showed up at 1.94 ppm for 
carbon propargylated product and at 2.61 ppm for oxygen propargylated product. Also due to 
long range propargylic coupling with the methylene protons, the peak showed as a triplet with a 
coupling constant of 2 Hz. Water was found to be the best solvent to have lowest ratio of oxygen 
propargylated product, which proceeded via enolate formed after deprotonation. Water could 
hydrogen bond with oxygen and effectively reduce charge density on oxygen. Meanwhile, water 
was believed to form a cage around oxygen, such that geometrically, it was hard to go after 
propargylation.  
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Scheme 14. NMR for carbon propargylated and oxygen propargylated products with the 
signature alkyne peak integrated, showing a 1:1 C:O-propargylation ratio. 
 
Overall, a total number of 18 substrates with various functional groups were made for both cyclic 
and acyclic substrate (Scheme 15). Most of them were unknown products before I was able to 
make them. The yield for many of them were below 50% because of the difficulty of 
propargylation or alkylation in each individual step.  
 
Scheme 15a: Cyclic substrate scope. 
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Scheme 15b: Acyclic substrate scope. 
 
Each of these synthesized substrates was tested on the catalytic reaction and the final products 
that have been synthesized so far are listed in Scheme 16.  
 
Scheme 16. Final products results. 
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Overall, this synthetic methodology gives access to the synthesis of cyclic products with four 
stereocenters, including one all-carbon quaternary center. The highly substituted hydroxy bis-
boronate products are valuable building blocks, amenable to further functionalization. Efforts 
with regard to a further expansion of substrate scope to create cis-decalin type of products are in 
progress. 
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